INTRODUCTION
When we maneuver in the real world we have several types of sensory cues to tell us where we are and where we have been. These include cues from vision, the vestibular apparatus, the haptic and proprioceptive senses, and audition. Together these allow us to acquire knowledge about, and form a mental representation of, a space. One model of how this knowledge is acquired and represented is the Landmark-Route-Survey or LRS model (Seigel & White, 1975; Thorndyke & Hayes-Roth, 1982) . Route knowledge, also known as procedural knowledge, consists of the procedures required to find a set of landmarks in the world. Survey knowledge, also known as configurational knowledge consists of a more flexible " big picture" of the space that can be used, for example, to find alternative routes.
There is evidence that the human sensory apparatus is tuned to integrate information from several sensory modalities to create a single coherent sensation (Welch & Warren, 1986) . When environmental information is limited to only one or two sensory modalities, interpretations of that environment can be misleading or inaccurate, thereby increasing the complexity of otherwise simple tasks (Sherrick & Cholewiak, 1986) . Therefore, when computermediated interactions strip away information, they do not provide the complete and expected information (even if this information may be " redundant" ) and may handicap performance (Durlach & Mavor, 1995) .
Several researchers have attempted to explore navigation in virtual environments (eg Bliss, Tidwell, & Guest, 1997; Regian, Shebilske, & Monk, 1992; Ruddle, Randall, Payne, Stephen, & Jones 1996; Satalich, 1995; Tlauka & Wilson, 1994; Witmer, Bailey, Knerr, & Parsons, 1996) . Indeed, navigational training may be one of the " killer apps" of immersive Virtual Reality. However, in most, if not all cases to date, the interfaces stripped away many of the sensory stimuli and the research was conducted with relatively sparse sensory interaction.
In an attempt to put back some of the multi-sensory information, we created a new interface device, called the virtual motion controller or VMC (Wells, Peterson & Aten, 1996) . The VMC uses the body to generate motion commands and provides some vestibular, haptic and proprioceptive cues. The research in this paper describes an experiment to compare the VMC with a more commonly used interface, in which mainly visual cues are provided. Our rationale was to first determine whether there was a difference, and if there was, to conduct further research to find out why. This is the first step in that experimental program.
METHODS

Apparatus
. The head mounted display (HMD) was a VI/O IGlasses TM with a fully overlapped field of view of 32 degrees horizontal by 24 degrees vertical. The display in each eye consisted of an LCD with 320 pixels by 200 pixels. Subjects could see around the edges of the HMD, but an opaque visor blocked their view through the display area. Two computers controlled and generated the virtual environment (VE). Monocular images for display on the HMD were generated by a Silicon Graphics Onyx Reality Engine TM . The Onyx TM maintained a frame rate in excess of 20 frames per second. A diagram of the apparatus for both controller conditions is shown in Figure 1 .
The input devices were a Polhemus FastTrak TM for measuring head motion, the virtual motion controller (VMC), or a joystick. The VMC consisted of a concave disc on which the participant stood, as shown in Figure 2 . The VMC worked as a first order controller, turning displacements on the disc into velocities in the VE. Movements away from the center of the VMC resulted in motion in the VE in the same direction as the movement on the VMC, and with a velocity proportional to the distance from the center. The joystick was a Sidewinder TM Pro, made by Microsoft. Forward/backward and left/right motion of the joystick caused forward/backward translational and left/right rotational velocity in the VE, proportional to the amount of joystick movement. In both conditions, yaw axis rotational displacement of the head caused yaw axis rotational displacement in the VE.
Virtual Environments
The virtual environments consisted of three mazes of different complexity -a practice maze, a simple experimental maze, and a complex experimental maze. Participant' s eye, and plan views of the mazes are shown in Figures 3, 4 , and 5. The mazes extended over an area of approximately 250 by 250 units. The mazes were designed to be navigationally complex but computationally simple. This was achieved by (1) making the objects in the maze non-distinctive, thereby reducing the salience of landmark cues (2) creating non-orthogonal paths between objects (3) using a non-distinctive texture for the floor (4) using fog, thereby reducing the amount of maze that could be seen at one time.
The complex maze had a greater cumulative angle of body-facing changes and more navigational decision points than the simple maze (650 vs. 448 degrees and 12 vs. 9 points respectively). Both maze paths were approximately equal in length. In some conditions, path markers showed the route to be learned. Collision detection was implemented such that subjects could pass through the interior walls, but not the exterior walls of the maze. This allowed us to create a unique experimental task, described in the next section. The independent variables were controller type (VMC and Joystick), and maze difficulty. The controller type was tested between subjects, and maze difficulty was tested within subjects. Table 1 shows the order in which the experiment was conducted. The training, easy maze, and difficult maze conditions were tested with the same protocol (described below), with the exception that in the training condition subjects were encouraged to ask questions and any problems were solved by the experimenter. Each maze condition consisted of a learning phase of 5 trials with the path markers, during which the participant tried to learn the route. After each trial the participant was transported back instantly to the start of the maze and asked to point to the exit, report their pointing confidence on a 10-point scale, and their confidence of route replication without markers. After 5 learning trials the path markers were removed and the participant then had 2 trials in which the participant tried to replicate the route. After 2 replication trials the participant did 2 trials, attempting to take the shortest straight-line route to the exit, passing through any interior walls to do so. This extended the " point to exit" task by requiring the participant to continuously monitor and adjust their estimates of the exit' s direction. Before the training session subjects read instructions and completed a Sickness Symptom Questionnaire (SSQ) (Kennedy, Lane, Berbaum, & Lilienthal 1993) . Subjects were given a short break between the training, easy, and difficult mazes, and after the difficult maze they were given another SSQ and a session feedback form. We decided against counter balancing maze difficulty because of the possibility of asymmetric transfer (e.g. a different strategy being used and transferred when the easy maze was presented first than when the difficult maze was presented first).
Dependent variables
The dependent variables reported here are: MARKERS HIT (subjects were instructed to pass over or " hit" all of the route markers in the learning phase), DISTANCE PER MARKER (distance traveled as the participant went from route marker to route marker during the learning phase -a measure of the precision of maneuvering), PERCENT LOST (the percent of participants who got lost during the straight line phase, as determined by their paths making two or more loops, and/or by them making two or more incorrect course corrections), DISTANCE (distance traveled from the entrance to the exit during the straight line phase, for the trials in which the subjects were not lost), ESTIMATED ANGLE (subjects used a head-fixed reticle to point to the exit from the entrance at the end of each learning trial). The location of the participant was sampled and recorded every second. A number of other dependent variables were derived from this information, but are not reported here.
Subjects
Thirty people (12 females and 18 males) participated in the experiment. Most were staff and students at the University of Washington. Their ages ranged from 18 to 50.
RESULTS
The results can be considered to consist of maneuvering performance, route replication performance or route knowledge, and survey knowledge. Route knowledge, as measured by the confidence with which subjects felt they could replicate the route, and their performance at doing so, was not significantly different across the devices. These data will not be presented here.
Maneuvering performance was slightly worse with the VMC than with the joystick. Participants hit less markers with the VMC (14.29 vs. 14.24) but the difference was insignificant (Mann-Whitney U-Test U=73.5, p=0.10). The path taken between markers was longer with the VMC (25.19 vs. 20.46) and this was significantly different (U = 1.0, p<0.05).
Survey knowledge, as measured by how well subjects could find, or point to, a straight line path to the exit, was much better with the VMC. Figure 6 shows the percentage of people who became lost when asked to go straight to the exit. Participants using the joystick were more than 3 times as likely to get lost as participants using the VMC (18.3% vs 5.1%). The difference between devices was not significant with the simple maze (Z=1.23, p = 0.10), but was significant for the complex maze (Z=1.98, p <0.05). The shortest straight line paths for the simple and complex mazes were 207 and 209 units respectively. Figure  7 shows that the mean distance for the simple maze was just under 300 units, and that the joystick and VMC performed about equally well (287.2 and 275.7 respectively). However with the complex maze the VMC significantly outperformed the joystick (253.4 and 414.1 respectively) . A mixed factor ANOVA shows that the interaction was significant (F(1, 28) =4.84 p<0.05). Finally, the pointing angle data in Figure 8 indicate how well the subjects were able to assess the direction of the exit from the entrance during all the trials in the route learning phase. Overall, the VMC group had significantly smaller pointing errors than the Joystick group (F(1, 28) = 13.20 p<0.01). In the simple maze, the mean angle errors for the two groups is nearly equal (M=16.43 and 16.44). However, mean angle errors show a much greater difference (F(1, 28) = 22.54 p<0.01) in the complex maze condition, with the VMC group mean error being much smaller than the Joystick group' s (M=24. 83 and 35.27) . The maze by device interaction was also significant (F(1, 28) = 4.85 p <0.05). 
DISCUSSION
For maneuvering, participants performed slightly better when using the joystick. Our explanation is (1) the VMC required more motion for control actions than the joystick (2) unlike the joystick, the VMC turned corners in a series of straight lines, resulting in less precise path control (3) the VMC was a research device, and was not as optimized for control as the commercial joystick and (4) most subjects had more experience with joysticks than with the VMC.
Using the VMC improved the accuracy of the survey representations. There are two types of sensory cues that were provided by the VMC that may have contributed to this. First, the users of the VMC rotated through 360 degrees and were exposed to real-world visual cues that were visible under the HMD. We call these " functional distal cues," and they may have served the same purposes as, for example, a distant mountain range during real world navigation, by anchoring the virtual cues to real world objects. The joystick users could also see under the HMD, but with the joystick the real and virtual worlds were not congruent and so the cues were ineffective. Second, the increased involvement of the vestibular and kinesthetic modalities may have aided the sensory integration that humans naturally expect while wayfinding and forming mental maps.
If an interface is difficult to use, it will require more mental effort, thereby reducing the mental resources available for developing survey knowledge of the explored space. The finding that the VMC was more difficult to control and yet yielded better survey representations suggest that its performance benefits could have been even better.
The results provide evidence that the VMC enhances certain aspects of navigation performance in virtual environments. Specifically, users were able to create a more accurate mental map of the space with the VMC than with a joystick. The enhancement was dependent on the complexity of the maze, with more complex mazes showing more of a benefit for the VMC. The results point to an interesting line of research to determine why. Our first step will be to measure the effects of reducing the functional distal cues.
